Atom transfer radical addition (ATRA) and polymerization (ATRP) reactions are commonly catalyzed by copper(I) complexes which react, reversibly, with a dormant alkyl halide initiator (RX) releasing a reactive organic radical R·. The copper catalyst bears a multidentate N-donor ligand (L) and the active catalyst is simply Cu I L. The role of the catalyst in these reactions is to abstract a halogen atom from RX forming the corresponding higher oxidation state species Cu II LX. However, in order to perform its catalytic function (in multiple turnovers) the halido ligand must be released from the copper ion en route to regenerating the active catalyst Cu I L. In this work we investigate the kinetics of the Cu I LX/Cu I L equilibrium where L is the tridentate N, N,Nʹ,N",N"-pentamethyldiethylenetriamine (PMDETA). Using electrochemical analysis we discovered that the rate of formation of the active catalyst Cu I L is strongly dependent on solvent. We demonstrate that both the kinetics and thermodynamics of this simple ligand exchange reaction are critical in the overall reaction pathway.
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Introduction
As one of the most important forms of controlled reversible-deactivation radical polymerization 1 (traditionally known as living/controlled radical polymerization), atom transfer radical polymerization (ATRP) 2, 3 is capable of producing a vast array of polymers with well-defined compositions, architectures and functionalities. 4 This reaction is commonly catalysed by a transition metal complex stable in two different oxidation states; most commonly a Cu(II/I) complex.
Scheme 1 is a simplified but typical representation of copper-catalysed ATRP. The copper(I) complex (Cu I L) abstracts a halogen atom (X) from an alkyl-halide (RX) releasing a radical (R·) and the corresponding, halido-copper(II) complex (Cu II LX). This step is coined 'activation' (with rate constant k act ). Subsequently the radical triggers propagation reactions (rate k p ) with olefin monomers to give the desired polymeric product. This process is tempered by the reverse 'deactivation' reaction (k deact » k act ) which regenerates the dormant alkyl halide and the copper(I) complex. The equilibrium of this activation/deactivation reaction strongly favours the reactants and the concentration of R· is kept deliberately low to avoid unwanted side reactions such as bimolecular termination (2 R· → R-R). Two of the most active copper(I) complexes for ATRP (Cu I L) bear the chelating ligands tris [2- (dimethylamino)ethyl]amine (Me 6 tren) [5] [6] [7] and N,N,N′,N′,N′′-pentamethyldiethylenetriamine (PMDETA). [8] [9] [10] Their five-coordinate 'deactivating' halido-copper(II) complexes (Cu II LX in Scheme 1) have been crystallographically characterized ( Figure 1 ) and they exhibit trigonal bipyramidal (Me 6 tren) 11 or square based pyramidal (PMDETA) coordination geometries. 12 The trigonal the (pseudo) Jahn Teller effect. 13 The weak axial Cu--Y bond is represented by a broken line in Figure   1 . should be remembered that these are crystal structures and do not necessarily correspond to the solution structure when solvents or other ligands may enter the coordination sphere.
Relating these complexes to Scheme 1, it is noteworthy that the stringent condition of an atom transfer mechanism is that the coordination number of the active Cu(I) catalyst must increase by one in forming the halido-coordinated copper(II) complex. From Figure 1 it is evident that the well characterised Cu(II) complexes of Me 6 tren and PMDETA are strictly 5-coordinate ( Figure 1) ; the steric demands of the methylated amines blocking the entry of any additional ligands. Therefore the active copper(I) complex must be four-coordinate complex bearing no halide ligands in order for the reaction to be truly catalytic (see Scheme 2). Figure 1 ) the weakly bound axial solvent ligand is easily displaced (broken lines, Figure 1 ).
This weak axial ligand has little influence on the reactivity of the Cu(II) complex and in fact it dissociates completely on reduction to four coordinate Cu(I). has been structurally characterized, bearing one strong (equatorial) and one weak (axial) MeCN ligand. 25 The b determined using equation (2) and cyclic voltammetry data (section 3.2.1).
Electronic Spectroscopy
The crystal structures of a number of copper(II)-PMDETA complexes with halido and solvent coligands are known (see Figure 1 ). [26] [27] [28] In all cases the halido ligand is found in the equatorial plane (strongly bound) along with the tridentate coordinated PMDETA while the weakly bound axial ligand is either a solvent molecule or the remaining counter ion (see Figure 1) . 12 This is also consistent with solution-based EXAFS analyses. 29 By analogy we conclude that the bromido ligand (in solution) binds exclusively in the equatorial coordination site in both MeCN and DMSO while the solvent occupies the axial coordination site.
Modelling the spectrophotometric titration data with ReactLab EQUILIBRIA 21 (global analysis of the entire spectrum) yielded the formation constants for the copper(II)-bromido complexes relative to their copper(II)-solvent complexes ( Table 1 ). Note that the solvent concentration is omitted from the equilibrium expression (eq. 1). 
MeCN DMSO
The formation constants in Table 1 
EPR Spectroscopy
Further (red curve, 0 eq EBriB), the anodic sweep regenerates the starting species and a quasi-reversible voltammogram is observed as also illustrated in Figure 4 (a). Although bromide dissociation from the Cu(II) complex is significant (~20%) the two redox couples E Br and E S essentially overlap ( However, in MeCN, the voltammogram is virtually insensitive to the presence of EBriB ( Figure 5(b) ). 
This indicates that activation in

Electrochemical simulation
Recently we employed 19 electrochemical simulation (using the program DigiSim
22
) to probe atom transfer radical activation and obtain accurate kinetics parameters for the Cu/Me 6 tren system.
Briefly, the kinetic and thermodynamic parameters in the model (Scheme 2) are optimized until agreement between the experimental and calculated voltammograms is obtained. Many of these parameters are determined accurately and independently in the absence of coupled catalytic reactions e.g. redox potentials, diffusion coefficients and heterogeneous electron transfer rate coefficients. The key variables are the homogeneous rate constants e.g. k act , k deact and bromide dissociation/association rate constants (Scheme 2) which were optimised across a range of EBriB concentrations and sweep rates in order to generate accurate values for these parameters which are shown in Table 2 .
There are two pathways that the reaction mechanism may take starting from the Cu(II) complex of 19 and the established lower activity of the copper/PMDETA catalyst compared to the copper/Me 6 tren system. 34 The only remaining variables to address in the simulations were the Cu(I)-Br dissociation/association rate constants which are linked by the known equilibrium constants K Cu(I)Br (=k Ia,Br /k Id,Br ) in MeCN and DMSO. So k Id,Br or k Ia,Br were the only parameters which were allowed to vary. During the iterative fitting process for the MeCN system, k aI,Br began to decrease (relative to its value in DMSO) until it reached a minimum at a value of 3.2 M -1 s -1 ( Table 2 ). The resulting excellent agreement between the simulated and experimental voltammograms is apparent in Figure 6 . The fit was consistent across a range of sweep rates (50 -300 mV s It is essential that no reasonable fit to the experimental CVs could be achieved when the kinetics of bromide dissociation from copper(I) were constrained to be similar (i.e. k Id,Br (DMSO) ~ k Id,Br (MeCN)) even if k act was allowed to vary. The three to four orders of magnitude difference in k Id,Br (going from MeCN to DMSO) and k Ia,Br is critical to understanding the differences in catalytic activation, and this could be modelled with a solvent independent value of k act . In other words the activation step is not rate limiting despite the large differences in the overall reaction rate.
Before progressing further it is important to mention that the values for k Ia,Br /k Id,Br in Table 2 
Speciation at the electrode surface:
This electrochemical study provides a novel insight into the kinetics of Cu-catalysed atom transfer One of the major advantages in having successfully simulated the catalytic electrochemical behaviour of the Cu/PMDETA system is the ability to produce a concentration profile of all species in Scheme 2 at the electrode surface at each potential along the voltammogram. However, this profile is more complex than a standard (bulk) solution concentration profile because it is distance dependent (from the electrode) and potential (time) dependent during the course of the CV. 
Bromide inhibition
On the basis of bromide dissociation from Cu(I) being rate limiting, it follows that bromide is actually ). Given that the MeCN system was already virtually inactive under these conditions ( Figure 5B ), no meaningful bromide inhibition studies could be carried out. (Figure 8(b) ). Although the complex is still active, the rate at which it is formed at the electrode is too slow and it is consumed by EBriB more quickly than it can be regenerated. Figure 8B ). In terms of Scheme 2, pathway A is followed in MeCN and the reaction is under kinetic control by the rate of bromide ligand dissociation from Cu(I) to yield the active catalyst.
In DMSO the situation is quite different. At the outset, ~20% of bromide dissociation from the Cu(II) complex has already occurred (K Cu(II)Br ~ 3600 M 38 but little is known about the kinetics of these exchange reactions for the PMDETA complex. It may be that ion pairing in the lower polarity MeCN solvent slows dissociation of the complex relative to the more polar DMSO but further work will be needed to understand this observation.
Conclusions
Scheme 2 represents the most plausible and inclusive mechanism that describes this system. We shown that the essential bromide dissociation reaction from the copper can be suppressed by the addition of excess free bromide which completely prevents catalysis.
